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Angiotensin-converting enzyme To evaluate the direct effects of the angiotensin-converting enzyme (ACE) 

Calcium inhibitors, captopril, enalaprilat, enalapril (a pro drug without therapeutically 

Vascular smooth muscle significant ACE inhibitory effect) and ramiprilat, on cellular calcium metabo- 

Fura-2 lism, the cytosolic free calcium concentration was measured in cultured rat 

vascular smooth muscle cells using the fluorescent dye, fura-2. Preincubation 
with captopril, enalaprilat, enalapril, or ramiprilat for 40 min significantly 
reduced the angiotensin II-induced transplasma membrane calcium influx but 
did not influence the angiotensin II-induced calcium release from internal 
stores. Captopril and ramiprilat also inhibited arginine vasopressin, but not 
the thapsigargin-, norepinephrine-, or the BayK 8644-induced changes in cyto¬ 
solic calcium. Phorbol 12-myristate 13-acetate pretreatment for 30 s caused an 
increase in the angiotensin II-induced rise in cytosolic calcium. Although both 
captopril and verapamil reduced responses to angiotensin II to similar extents, 
only verapamil blocked the ability of phorbol 12-myristate 13-acetate to 
• enhance responses to angiotensin II. It is concluded that ACE inhibitors mod¬ 
ulate the effects of some but not all agonist-induced transplasma membrane 
calcium influx. 


Introduction inhibition of tissue ACE after in vivo administration of 

ACE inhibitors [4, 5], accumulation of bradykinin [6], 
Angiotensin-converting enzyme (ACE) inhibitors are inhibition of norepinephrine release from sympathetic 
established in the therapy of hypertension and heart fail- neurons [7], inhibition of Na-K-ATPase [8], and finally 
ure [l,2]. ACE inhibitors lower blood pressure not only in lowering of the cytosolic free calcium concentration 
hypertensive patients with high plasma renin activity but ([Ca 2+ ]j) in vascular smooth muscle cells (VSMC) from 
also in those with normal or low plasma renin activity [3]. spontaneously hypertensive rats after long-term treat- 
Therefore, several actions of ACE inhibitors have been ment [9]. The latter result may support the view that ACE 
proposed in addition to the-well-known lowering of the inhibitors interfere with the regulation of the contractile 
plasma angiotensin II (Angll) concentration, such as responses m vascular smooth muscle by effecting [Ca 2+ L. 
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To evaluate this putative novel action of ACE inhibitors 
in the present study, the effects of different ACE inhibi¬ 
tors, e.g. captopril, enalaprilat, enalapril (a prodrug with¬ 
out a therapeutically significant ACE inhibitory effect) 
and ramiprilat, on the agonist-induced calcium increase 
in VSMC were investigated. 


Methods 

Animals and Cell Culture 

Aortic VSMC from Wistar-Kyoto rats, as previously described 

[10] , were cultured by the tissue explant method according to pub¬ 
lished procedures [11-13] using Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, Eggenstein, Germany) containing 10% (v/v) fetal 
calf serum (Boehringer, Mannheim, Germany), 100 U/ml penicillin G 
and 100 jig/ml streptomycin (pH 7.4). The medium was changed ini¬ 
tially after 24 h and then every 2-3 days. Cell cultures were incubated 
at 37 °C in a humidified atmosphere of 95% air/5 % C0 2 . VSMC 
became confluent in 7-12 days and were then subcultured using 
0.05% trypsin. After the first subculture, cells were subcultured every 
week at a seeding density of 0.5-1.0 x 10 4 cells/cm 2 . Cultured cells up 
to the 8th passage were used [11]. Separate experiments confirmed 
recent reports that resting [Ca 2+ ]i in cultured VSMC were not signifi¬ 
cantly different in these passages [14]. Cells were made quiescent by 
incubation in serum free medium containing 0.1% bovine serum 
albumin, 100 U/ml penicillin and 100 pg/ml streptomycin. To ascer¬ 
tain that cultured cells were VSMC, immunocytochemical localiza¬ 
tion of smooth muscle-specific a-actin was carried out using mono¬ 
clonal antibodies ASM-1 (Progen, Heidelberg, Germany) raised 
against smooth muscle a-actin and labeled with a fluorescence marker 

[11] . Staining of cultured VSMC with this antibody revealed that all 
cells in the preparation were labeled, and actin stress fibers were seen 
throughout the cytosol. It was confirmed that cultured VSMC were 
free from contamination with endothelial cells or fibroblasts by 
immunocytochemical staining of cells with antibodies against von 
Willebrand factor coupled to a fluorescence marker. 

Measurements of[Ca 2+ ]jin VSMC 

VSMC grown on 13-mm glass coverslips (cell count 2.5 x 10 4 
cells/cover slide) in 1 ml physiological salt solution (PSS), made up of 
(mmol/1) NaCl 135, KC1 5, CaCl 2 1, MgCl 2 1, glucose 5.5 and N- 
2-hydroxyethylpiperazine-N / -2-ethanesulfonic acid 10 (pH 7.4), and 
containing 0.1% bovine serum albumin, were incubated with 
5 pmol/1 of the cell-permeant fura-2-acetoxymethylester (Sigma, Dei- 
senhofen, Germany) and 0.02% w/v non-ionic surfactant Pluronic 
F-127 (Molecular Probes, Eugene, Oreg., USA) for 60 min at 37 °C 
according to previously described methods [11,14-17]. At the end of 
the loading period VSMC on coverslips were washed twice with PSS 
without bovine serum albumin and experiments were continued only 
when a cell viability higher than 95% was observed by trypan blue 
exclusion. VSMC on coverslips were inserted into 10 x 10 mm 
quartz glass cuvettes and placed in the thermostated holder of a spec- 
trofluorophotometer RF-5001 PC (Shimadzu, Tokyo, Japan) with 
intracellular calcium measurement software (Shimadzu). The data- 
sampling interval was 0.5 s with alternate excitation wavelengths of 
340 and 380 nm (band width 5 nm), and emission was collected at 
510 nm (band width 5 nm). Before the measurements hydrolysis of 


fura-2-acetoxymethylester to fura-2 reached a steady state, as con¬ 
cluded ffOTTTcftanges in the excitation and emission spectra. Fluores¬ 
cence values were corrected for cellular autofluorescence. The ratio 
(R) of the measured fluorescence values at 340 and 380 nm excita¬ 
tion was calculated. Since fura-2 exists only in two forms, free and 
calcium-bound, the signal from these two wavelength pairs is 
uniquely determined by the ratio of free and bound dye and therefore 
by the free cytosolic calcium [18]. The ratio method eliminates the 
variation due to instrumental fluctuations and changes in the dye 
content of the cells, e.g. due to bleaching or leakage [18]. The F 340 W 
E 380 nm excitation ratio of resting VSMC remained constant during 
the whole experiment, indicating a stable resting [Ca 2+ ]i in VSMC. At 
the end of each measurement 1 nmol/1, digitonin, then 5 mmol/1 eth¬ 
ylene glycol-bis(ammoethyl ether)-tetraacetic acid (EGTA) were se¬ 
quentially added to determine the maximum (R ma x) and the mini¬ 
mum, (R m in) of the F 340 n m /P 380 nm excitation fluorescence ratio, 
respectively. Control experiments confirmed that a further increase 
in the digitonin or EGTA concentration had no effect on R max or 
Rmin? respectively. [Ca 2+ ]i was calculated according to the equation 
reported by Grynkiewicz et al. [19]: [Ca 2+ ]i - K • (R - R m in)/(Rmax - 
R). K stands for K D • F m in/F max , the latter representing the ratio of the 
fluorescence at 380 nm excitation measured in EGTA plus digitonin 
to that measured in 1 mmol/1 external Ca 2+ plus digitonin, and K D 
represents the dissociation constant of fura-2 for Ca 2+ , which was 
calculated to be 224 nmol/1 at 37 °C [19]. Leakage during the mea¬ 
surement was less than 4% of the total fluorescence as observed by 
quenching external fluorescence with MnCl 2 as described elsewhere 
[ 20 ], 

To stimulate VSMC on coverslips in the cuvette containing 2 ml 
PSS, 20 pi Ang II were added at a final concentration of 100 nmol/1. 
This Ang II concentration has been shown to give a maximal rise of 
[Ca 2+ ]; in VSMC [21]. Peak increases in [Ca 2+ ]f were used for the 
comparisons. Phorbol 12-myristate 13-acetate (PMA) was used to 
activate the protein kinase C, respectively. The inactive analogue 4a- 
phorbol 12,13-didecanoate (4a-PDD) was used for control. 

Substances were purchased from Sigma if not indicated other¬ 
wise. Thapsigargin was purchased from Calbiochem (Bad Soden, 
Germany). Enalaprilat and enalapril were kindly supplied by Merck, 
Sharp & Dohme (Munich, Germany). Ramiprilat was kindly sup¬ 
plied by Hoechst AG (Frankfurt, Germany). 

Statistical Analysis 

Data are presented as the mean ± SEM. Where error bars do not 
appear on figures, errors are within the symbol size. Results were 
tested for statistical significance using ANOVA with Student-New- • 
man-Keuls post test. Two-tailed p values of less than 0.05 were con¬ 
sidered to be significant. 


Results 

Inhibition of Ang-II-Induced Calcium Influx by ACE 
Inhibitors 

Resting [Ca 2+ ]i (81 ± 5 nmol/1, n = 80) was not signifi¬ 
cantly changed during incubation with captopril. Figure 1 
shows the effect of the ACE. inhibitors, e.g. captopril, ena-. 
laprilat, and ramiprilat, on the Ang H-induced [Ca 2+ ]i 
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Ctrl CPL ENLFT RPLT ENLP 


Fig. 1. Inhibition of Ang II-induced increase in [Ca 2+ ]i in VSMC 
by ACE inhibitors. [Ca 2+ ]i in VSMC was measured using fura-2. 
VSMC were stimulated with 100 nmol/1 Ang II after a 40-min incu¬ 
bation with buffer alone for control (Ctrl), or with 1 or 100 pmol/1 
captopril (CPL), enalaprilat (ENLPT), enalapril (ENLP), or ramipri- 
lat (RPLT), respectively. Data for Ang II with 10 -4 mol/i captopril 
and ramiprilat are identical with those in table 1. * p < 0.05. 

Fig. 2. Time course of the inhibitory effect of ACE inhibitors on 
the Ang II-induced increase in [Ca 2+ ]j in VSMC. Fura-2-loaded 
VSMC were incubated with buffer alone for control, 100 pmol/l cap¬ 
topril (filled squares), enalaprilat (unfilled squares), enalapril (filled 
squares), or ramiprilat (unfilled squares). Values are mean ± SEM of 
the peak [Ca 2+ ]i increase minus the appropriate baseline values of 
5-24 experiments. 


increase in cultured VSMC. Incubation of fura-2-loaded 
VSMC with AGE inhibitors at a concentration of 
100 jj.mol/1 for 40 min significantly reduced the Ang II- 
induced [Ca 2+ ]i increase in VSMC in the presence of 
extracellular calcium. After 40 min of administration of 
ACE inhibitors at a concentration of 1 pmol/1, the Ang 
II-induced [Ca 2+ ]i increase was also significantly reduced. 
When the prodrug enalapril was used at concentrations of 
1 or 100 pmol/l, the Ang II-induced [Ca 2+ ]i influx was 
reduced in a similar fashion as observed for enalaprilat. 

Time Dependence of the Inhibitory Effect of ACE 
Inhibitors on Ang II-induced [Ca 2 +]i Increase in 
VSMC 

Figure 2 depicts the time course of the inhibitory effect 
of ACE inhibitors on the Ang II-induced [Ca 2+ ]i increase 
in VSMC. The maximal inhibitory effect of ACE inhibi¬ 
tors on Ang II-induced [Ca 2+ ]i increase was observed after 
incubation of VSMC for 40 min. Similar time courses 
were observed for all ACE inhibitors tested. When VSMC 



Specificity of the Effects of ACE Inhibitors on 
Agonist-Induced [Ca 2+ ]i Increase 
Now the effects of ACE inhibitors on the Ang II- 
induced [Ca 2+ ]i increase were compared to their effects on 
the [Ca 2+ ]i increase induced by arginine vasopressin, 
thapsigargin, norepinephrine, andBayK 8644. Thapsigar- 
gin is known to be a specific inhibitor of sarcoplasmic 
Ca 2+ -ATPase [22]. As shown in table 1 the arginine vaso¬ 
pressin-induced [Ca 2+ ]i increase was significantly reduced 
after administration ACE inhibitors. On the other hand, 
ACE inhibitors did not show an effect on the [Ca 2+ ]i 
increase induced by thapsigargin, norepinephrine, or 
BayK 8644. From these experiments it is concluded that 
ACE inhibitors have a modulatory effect on some but not 
all agonist-induced transplasma membrane calcium in¬ 
flux. 
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Table 1 . Effect of AGE inhibitors on agonist-induced increase in [Ca 2+ ]J in VSMC 


; 

Ang II 

n 

AVP. 

n 

Thap 

n 

NE . 

n 

BayK 

n 

Control 

With Ca 2 * 

99 ±9 

64 

143±23 

16 

53±7 

39 

71± 17 

5 

84± 14 

7 

Ca 24 * free 

52± 16 

12 

• 87 ±15 

12 

51 ±4 

23 . 

43 ±9 

5 

8 ±3 

4 

Captopril 

With Ca 2+ 

52 ±9* 

24 

53±6* 

6 

40 ±9 

10 

67 ±14 

11 

86+16 

12 

Ca 2+ free 

49± 10 

18 

88 ± 19 

7 

33±6 

7 

39 ±11 

4 

7±3 

4 

Ramiprilat 

With Ca 2 * 

36 ±5* 

12 

40 ±9* 

9 

55 ±10 

6 

61 ± 11 

2 

85 ±55 

4 


The [Ca? + ]i increase was induced by addition of 100 nmol/1 Ang II, 100 nmol/1 arginine vasopressin (AVP), 
100 nmol/1 thapsigargin (Thap), 1 jimol/1 norepinephrine (NE), or 10 gmol/1 BayK 8644 (BayK) in the presence or 
absence of 1 mmol/1 extracellular Ca 2 + ACE inhibitors (each 10" 4 mol/1) were added to YSMC 40 min prior to agonist 
administration. Values represent mean ± SEM of the number (n) of experiments of the agonist-induced peak [Ca 2+ ]i 
increases. 

* p < 0.01 compared to respective control. 


Effects of Verapamil on AngII-and BayK and 30 s later the [Ca 2+ ]i increase was induced by 

8644-Induced [Ca 2+ ]i Increase 100 nmol/1, Ang II. Neither PMA nor 4a-PDD changed 

Next the characteristics of the inhibitory effects of [Ca 2 *]i significantly. After the activation of protein kinase 
ACE inhibitors on the agonist-induced transplasma mem^ C by PMA, the Ang II-induced [Ca 2f ]i increase was signif- 

brane calcium influx were compared with the effects of icantly higher compared to control conditions and com- 
the known calcium antagonist verapamil. Figure 3 shows pared to the administration of 4a-PDD (PMA 129 ± 
the inhibition ofthe Ang II-or BayK 8644-induced [Ca 2+ ]i 15 nmol/l,n = 15;control.52 ±9 nmol/1, n = 24, p< 0.05; 

increase by verapamil. Verapamil was added to VSMC 4a-PDD 38 ± 9, n = 6, p < 0.05). Using^enalapril similar 
30 s prior to the administration of Ang II. The addition of results were obtained (PMA 212 ± 34 nmol/1, n = 6 ; con- 
10 pmol/1 verapamil significantly reduced the Ang II- trol52 ± 23 nmol/1, n = 6, p < 0.05). 
induced [Ca 2+ ]i increase. In the absence of extracellular The administration of 100 nmol/1 PMA 30 s prior to 
calcium the addition of verapamil did not significantly Ang II significantly enhanced the [Ca 2+ ]j increase (189 ± 
reduce the Ang II-induced [Ca 2+ ]i increase, indicating that 40 nmol/1, n = 8, vs. 99 ± 9 nmol/1, „n = 64, p <0.05). On 
verapamil blocks the Ang II-induced transplasma mem- the other hand, after 30 min of preincubation with 
brane calcium influx (control 49 ± 10 nmol/1, n = 23, vs. 100 nmol/1 PMA the Ang II-induced [Ca 2+ ]i was signifi- 
verapamil 60 ± 8 nmol/1, n = 7). Preincubation of VSMC cantly reduced to 62 ± 18 nmol/1 (n = 7), p < 0.05 com- 
with 10 pmol/1 verapamil for 30 min significantly re- pared to control conditions), whereas after administration 
duced the BayK 8644-induced [Ca 2+ ]i increase (fig. 3). In of the inactive analogue 4a-PDD no significant change 
the absence of external calcium BayK 8644 did not signif- could be observed (124 ± 14 nmol/1, n = 13). 
icantly change [Ca 2+ ] i in VSMC. 

Influence of Protein Kinase C on the Inhibitory Effects Discussion 

of ACE Inhibitors 

To explore the putative mechanism of ACE inhibitors In an earlier study it was shown that captopril and 
on the Ang II-induced [Ca 2+ ]i increase, the influence of enalaprilat diminish the increase in [Ca 2+ ]i induced by 
the protein kinase C were investigated (fig. 4). VSMC Ang II and bradykinin. Furthermore, it was demonstrated 
were preincubated with 100 jimol/1 captopril for 40 min, that these inhibitory effects of captopril and enalaprilat 
then 100 nmol/1 PMA or 100 nmol/1 4a-PDD were added, on Ca 2+ influx in VSMC were paralleled by a decreased 
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□ Control Verapamil Bf Captopril 



Fig. 3. Inhibition of Ang II- or BayK 8644-induced increase in 
[Ca 2+ ]i in VSMC by verapamil. 10 jimol/1 verapamil were added to 
fura-2-loaded VSMC 30 s prior to the administration of 100 ,nmol/1 
Ang II, or 30 min prior to the administration of lOjimol/1 BayK 
8644, respectively. Bars indicate mean values of 5-8 experiments. 



Fig. 4. Effect of activation of protein kinase C on the captopril 
and verapamil action on the Ang II-induced increase in [Ca 2+ k in 
VSMC. The Ang II-induced [Ca 2+ ]i increase was elicited after prein¬ 
cubation of VSMC with buffer alone for , control (Ctrl), with 
lOOpmolA captopril for 40 min or with 10pmol/l verapamil for 
30 min. Then 30 s prior to the addition of Ang II, buffer alone for 
control or 100 nmol/1 PMA were, added. Values are mean ± SEM of 
the peak [Ca 2+ ]i increase minus the appropriate baseline values from 
5-64 similar experiments. ** p < 0.01 compared to control. . 


contractile response to Ang II [23]. This study also 
showed that the attenuation of the Ang II response is due 
to an inhibition of transplasma membrane Ca 2+ influx. 
Interestingly, similar effects of captopril have also been 
observed in ventricular myocytes, indicating that Ca 2+ 
influx through K-type channels as well as contraction is 
inhibited by captopril [24]. 

From these results several questions arose. First, is ago¬ 
nist-induced Ca 2+ influx inhibited similarly by different 
ACE inhibitors? The present findings show that captopril, 
enalaprilat, ramiprilat and enalapril have similar inhibi¬ 
tory effects on transplasma membrane Ca 2+ influx. Fur¬ 
thermore, the time course for the inhibition of Ca 2+ influx 
to develop was similar for all ACE inhibitors tested. In 
addition, all ACE inhibitors reduced the Ang II-induced 
transplasma membrane Ca 2+ influx but did not signifi¬ 
cantly change the Ang II-induced Ca 2+ release. Thus no 
principal differences in the inhibitory actions of the ACE 
inhibitors were found. 

Second, is the inhibition of Ca 2+ influx strictly linked 
to the inhibition of ACE? Both enalaprilat and enalapril 
inhibited the Ang II-induced Ca 2+ influx, indicating that 
the conversion of enalapril to enalaprilat is not necessary 
to inhibit Ca 2+ influx. 


Third, can ACE inhibitors influence transplasma 
membrane Ca 2+ influx induced by any agonist? The Ca 2+ 
influx in VSMC induced by Ang II and arginine vasopres-, 
sin was blunted by captopril, but the Ca 2+ influx induced 
by norepinephrine and thapsigargin was unchanged after 
incubation with captopril. At present, there is no ready 
explanation for this discrepant behavior. At least the 
thapsigargin-induced Ca 2+ influx is based on mechanisms 
different from those involved in the action of most ago¬ 
nists. Thapsigargin is known to be a selective inhibitor of 
endoplasmic or sarcoplasmic Ca 2+ ATPase, thereby 
emptying intracellular Ca 2+ stores, and hence increasing 
[Ca 2+ ]i and Ca 2+ -induced transplasma membrane Ca 2+ 
influx [22, 25], Since the [Ca 2+ ]j increase induced by 
Ang II and by BayK 8644 were similar, but only the 
Ang II response was inhibited by captopril, the inhibitory 
effect apparently does not depend on the amplitude of the 
[Ca 2+ ]i response. From the present results it is concluded 
that ACE inhibitors influence Ca 2+ influx induced by 
some but not all agonists. 

Fourth, is the inhibitory effect of captopril on agonist- 
induced Ca 2+ influx similar to the action of a Ca 2+ channel 
blocker, e.g. verapamil? The inhibition Ca 24_ influx by 
captopril was clearly different from that by verapamil. 
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The activating effect of protein kinase C stimulation on 
Ang Il-induced Ca 2+ influx is maintained after preincuba¬ 
tion with ACE inhibitors. On the other hand, the activat¬ 
ing effect of protein kinase C stimulation is not observed 
after administration of verapamil. The BayK 8644 effects 
were blocked by verapamil, but not by captopril. This sug¬ 
gests that the site of action is different for both types of 
drugs. It may be hypothesized that ACE inhibitors do not 


directly affe ct Ca 2+ channels, but modulate the Ca 2+ chan¬ 
nel activation by agonist-receptor coupling. 

In summary, the study showed that the previously 
described inhibition of Ca 2+ influx is not unique to capto¬ 
pril, but can be observed with all ACE inhibitors tested. 
The ACE inhibitors do not affect the Ca 2+ channels direct¬ 
ly, but modulate the effect of receptor activation on Ca 2+ 
channel opening. 


References 


1 Ferguson RK, Brunner HR, Turini GA, et al: A - 10 

specifically orally active inhibitor of angioten¬ 
sin-converting enzyme in man. Lancet 1977;i: 
775-778. 11 

2 Konstam MA, Rousseau MF, Kronenberg 
MW, et al: Effects of the angiotensin converting 
enzyme inhibitor enalapril on the long-term 
progression of left ventricular dysfunction in 12 
patients with heart failure. Circulation 1992; 
86:431-438. 

3 Shimamoto K, Matsuki T, Iimura O: Angioten- 13 

sin-converting-enzyme inhibitors and the kalli- 
krein kinin system. J Cardiovasc Pharmacol 
1990;15(suppl 6):83-90. 

4 Cohen ML, Kurz KX>: Angiotensin converting 14 
enzyme inhibition in tissues from spontaneous¬ 
ly hypertensive rats after treatment with capto¬ 
pril or MK-421. J Pharmacol Exp Ther 1982; 
220:63-69. 

5 Unger T, Ganten D, Lange RE, et al: Persistent 15 
tissue converting enzyme inhibition following 
chronic treatment with Hoe498 and MK421 in 
spontaneously hypertensive rats. J Cardiovasc 
Pharmacol 1985;7:36-41. 

6 Gavras I: Bradykinin-mediated effects of ACE 16 

inhibition. Kidney Int 1992;42:1020-1029. 

7 Antonaccio MJ, Kerwin L: Pre- and postjunc¬ 
tional inhibition of vascular sympathetic func¬ 
tion by captopril in SHR. Implication of vascu¬ 
lar angiotensin II in hypertension and antihy¬ 
pertensive actions of captopril. Hypertension 

198 l;3(suppl I):54-62. 17 

8 Accetto R, Rinaldi G, Weder AB: Captopril 
inhibits ouabain sensitive Na + /K + -ATPase. 
ClinPhysiol Biochem 1989;7:101-108. 

9 Sada T, Koike H, Ikeda M, et al: Cytosolic free 
calcium in hypertensive rats. Hypertension 
1990;16:245-251. 


Zidek W, Ottens E, Heckmann U: Transmis¬ 
sion of hypertension in rats by cross-circula¬ 
tion. Hypertension 1989;14:61-65. 

Bendhack LM, Sharma RV, Bhalla RC: Altered 
signal transduction in vascular smooth muscle 
cells of spontaneously hypertensive rats. Hy¬ 
pertension 1992; 19(suppt II):42-48. 

Ross R; The smooth muscle cell. II. Growth of 
smooth muscle in culture and formation of 
elastic fibers. Cell Biol 1971;50:172-186. 
Franks DJ, Plamondon J, Hamet P: An in¬ 
crease in adenylate cyclase activity precedes 
DNA synthesis in cultured vascular smooth 
muscle cells. J Cell Physiol 1984; 119:41-45. 
Bukoski RD: Intracellular Ca 2+ metabolism of 
isolated resistance arteries and cultured vascu¬ 
lar myocytes of spontaneously hypertensive 
and Wistar-Kyoto normotensive rats. J Hyper- 
tens 1990;8:35-43. 

Neusser M, Golinski P, Zbu Z, et al: Effects of 
protein kinase C activation on intracellular 
Ca 2+ distribution in vascular smooth muscle 
cells of spontaneously hypertensive, rats. J Vase 
Res 1993;30:116-120. 

Chardonnens D, Lang U, Capponi AM, et al: 
Comparison of the effects of angiotensin II and 
vasopressin on cytosolic free calcium concen¬ 
tration, protein kinase C activity, and prostacy¬ 
clin production in cultured rat aortic and mes¬ 
enteric smooth muscle cells. J Cardiovasc 
Pharmacol 1989;14(suppl 6):39-44. 

Johnson EM, Theler JM, Capponi AM, et al: 
Characterization of oscillations in cytosolic 
free Ca 2+ concentration and measurement of 
cytosolic Na + concentration changes evoked by 
angiotensin II and vasopressin in individual rat 
aortic smooth muscle cells. J Biol Chem 1991; 
266:12618-12626. 


18 Cobbold PH, Rink TJ: Fluorescence and biolu¬ 
minescence measurement of cytoplasmic free 
calcium. Biochem J 1987;248:313-328. 

19 Grynkiewicz G, Poenie M, Tsien RY: A new 
generation of Ca 2+ indicators with greatly im¬ 
proved fluorescence properties. J Biol Chem 
1985;260:3440-3450. 

20 Bruschi G, Bruschi ME, Carappo M, et al: ; 
Intracellular free Ca 2+ in circulating lympho¬ 
cytes of spontaneously hypertensive rats. Life 
Sci 1984;35:535-542. 

21 Neusser M, Tepel M, 2hdek W: Angiotensin II 
responses after protein kinase C activation in 
vascular smooth muscle cells of spontaneously 
hypertensive rats. J Cardiovasc Pharmacol 
1993;21:749-753. 

22 Thastrup O: Role of Ca 2+ ATPase in regulation 
of cellular Ca 2+ signalling, as studied with the 

: selective microsomal Ca 2+ -ATPase inhibitor 

thapsigargin. Agents Actions 1990;29:8-15. 

23 . Zhu Z, Tepel M, Neusser M, et al: Effect of cap¬ 
topril on vasoconstriction and Ca 2+ fluxes in 
aortic smooth muscle. Hypertension 1993;22: 
806-811. 

24 Bryant SM, Ryder KO, Hart G: Effects of cap¬ 
topril on membrane current and contraction in 
single ventricular myocytes from guinea-pig. Br 1 
JPharmacol 1991;102:462-466. 

25 Bian J, Gosh TK, Wang JC, et al: Identification 
of intracellular calcium pools. J Biol Chem 
1991;266:8801-8806. 


j 


f 

i 


j 


\ 




270 


Zhu/Tepel/Neusser/Zidek 


Angiotensin-Converting Enzyme Inhibitors 
and Cytosolic Calcium 


.... .___-_ : - . _ ■ ■ irf 

Source: https://www.industrydocuments.ucsf7edu/docs/kmbb0000 











